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Fast shocks that form in optically thick media are mediated by Compton scattering and, if rel-
ativistic, pair creation. Since the radiation force acts primarily on electrons and positrons, the
question arises of how the force is mediated to the ions which are the dominant carriers of the shock
energy. It has been widely thought that a small charge separation induced by the radiation force
generates electric field inside the shock that decelerates the ions. In this paper we argue that, while
this is true in sub-relativistic shocks which are devoid of positrons, in relativistic radiation mediated
shocks (RRMS), which are dominated by newly created e+e− pairs, additional coupling is needed,
owing to the opposite electric force acting on electrons and positrons. Specifically, we show that dis-
sipation of the ions energy must involve collective plasma interactions. By constructing a multi-fluid
model for RRMS that incorporates friction forces, we estimate that momentum transfer between
electrons and positrons (and/or ions) via collective interactions on scales of tens to thousands pro-
ton skin depths, depending on whether friction is effective only between e+e− pairs or also between
pairs and ions, is sufficient to coupe all particles and radiation inside the shock into a single fluid.
This leaves open the question whether in relativistic RMS particles can effectively accelerate to high
energies by scattering off plasma turbulence. Such acceleration might have important consequences
for relativistic shock breakout signals.
I. INTRODUCTION
Radiation mediated shocks (RMS) play a key role in a
plethora of extreme cosmic phenomena. The early emis-
sion from shock breakout in different types of supernovae,
prompt photospheric emission in GRBs, and the gamma
ray emission that accompanied the gravitational wave
signal in neutron star mergers are some notable exam-
ples (for a recent review see Levinson and Nakar [1] and
references therein). In marked difference to collisionless
shocks, that form in optically thin media and in which
dissipation is mediated by collective plasma processes on
skin depth scales [2–7], RMS, that form in optically thick
media, are mediated by Compton scattering and, under
certain conditions, pair creation, on scales of the order of
the Thomson length (i.e., the scattering mean free path).
There exists another type of relativistic RMS, that form
in optically thin media [8]; those are radiation mediated
but not radiation dominated, and involve a different mi-
crophysics. Our interest here focuses on radiation domi-
nated RMS.
Much effort has been devoted in the last decade to
developing analytical [9–22] and numerical [23–26] mod-
els of RMS in the Newtonian and relativistic regimes.
These studies indicate that there are essentially three
important regimes which are distinguished by the shock
velocity βu, henceforth measured in units of c (see Ref.
[1] for a detailed account): Slow shocks (βu
<∼ 0.05) in
which the radiation is in thermodynamic equilibrium and
the breakout temperature depends rather weakly on the
shock velocity; Fast Newtonian shocks (0.05 <∼ βu <∼ 0.5),
in which the radiation is out of thermodynamic equilib-
rium and the temperature is determined by the amount
of photons produced in the immediate downstream; Rel-
ativistic shocks (βuγu > 0.5), for which the shock struc-
ture and emission are strongly affected by vigorous pair
creation. Those relativistic RMS are at the main focus
of this paper.
All RMS models tacitly assume that the different
plasma species (ions, electrons, positrons and photons)
are tightly coupled, and invoke the single fluid approxi-
mation (in the sense that all species share the same lo-
cal center of momentum frame). Since the cross section
for Compton scattering off protons is smaller by a factor
(mp/me)
2 than that for electrons (and positrons when
present), the radiation force acting on the ions is com-
pletely negligible. This raises the question of how the
radiation force is mediated to the ions. The conventional
wisdom has been that a tiny charge separation, induced
by the radiation force experienced by the charged leptons,
generates electrostatic field that decelerates the ions. We
shall show that this notion, which seems rather trivial,
holds true only in cases where the plasma flowing through
the shock is devoid of positrons, albeit as pointed out
in Ref. [22] the presence of ions with different charge-
to-mass ratio can lead to a considerable Ohmic heating
that may alter the shock microphysics. We will not con-
sider this complication in what follows, and assume for
simplicity that the shock propagates in a pure hydrogen
gas. Under this condition we show, in Sec. III A, that in
subrelativistic RMS, where pair creation is slow and the
positron density is vanishingly small, a tiny difference in
the velocities of the proton and electron fluids, roughly
∆β/β = (lp/L)
2 <∼ 10−18, is sufficient to generate the re-
quired electric field that decelerates the protons, where
lp = c/ωP is the proton skin depth defined in Eq. (1)
below and L the width of the shock transition layer. The
same electric field exerts a force opposite to the radia-
tion force on the electrons, nearly cancelling it out. The
residual force, roughly a factor me/mp smaller than the
radiation force, is exactly what needed to decelerate the
electrons at the same rate as the protons.
ar
X
iv
:2
00
9.
10
47
8v
1 
 [a
str
o-
ph
.H
E]
  2
2 S
ep
 20
20
2The situation is drastically different in relativistic
RMS, in which e+e− pairs are overabundant, owing to
the asymmetric net force acting on the pairs system. The
salient point is that the electric field required to decel-
erate the protons exerts opposite forces on electrons and
positrons. As shown below, once the density of newly cre-
ated positrons approaches the baryon density, which in
relativistic RMS occurs at the onset of the shock transi-
tion layer, the charge density, and ultimately the electric
field, reverse sign. This leads to decoupling of the dif-
ferent species early on. More precisely, while the pairs
decelerate by the radiation drag force, the protons con-
tinue to propagate undisturbed at their initial velocity.
In practice this should lead to a rapid growth (on skin
depth scales) of plasma instabilities, as seen in plasma
simulations of collisionless shocks [2, 7], that should pro-
vide tight couplings between the various charged species.
Self-consistent calculations of relativistic RMS that take
into account plasma kinetic effects are currently infeasi-
ble, as they require a huge dynamic range, from the skin
depth
lp =
c
ωP
≈ 0.5γ1/2u
( nu
1015 cm−3
)−1/2
cm, (1)
to the Thomson length
λ = (σTnuγu)
−1 ≈ 109γ−1u
( nu
1015 cm−3
)−1
cm, (2)
here ωp = (4pie
2nu/mpγu)
1/2 is the (proton) plasma fre-
quency, nu the proper density far upstream of the shock
and γu the shock Lorentz factor.
In this paper we construct a multi-fluid model for rela-
tivistic RMS that incorporates electromagnetic forces, as
well as phenomenological friction force terms that rep-
resent the effect of collective plasma interactions. Our
model generalizes the single fluid model presented in Ref.
[17]. We show that relativistic RMS solutions exist pro-
vided that collective plasma interactions can give rise to
a significant momentum transfer between electrons and
positrons on scales of tens to hundreds lp. If the friction
between protons and pairs is also strong then an even
weaker coupling (larger interaction length), by a factor
of several hundreds, is sufficient.
The anticipated growth of turbulence inside the shock
revives the issue of particle acceleration in RMS. The
claim that particle acceleration is prohibited in RMS by
the vast separation of kinetic and radiation scales (e.g.,
Ref. [9]) may not hold in the relativistic regime if strong
turbulence is indeed generated, as argued here. Second
order Fermi acceleration by magnetic turbulence may
turn out to be effective. If this will be corroborated
by detailed simulations it can have important implica-
tions for the high-energy emission from relativistic shock
breakouts.
II. BASIC EQUATIONS
The fluid inside a relativistic RMS is a mixture of pro-
tons, positrons electrons and radiation, with proper den-
sities np, n+, n−, nr, respectively, moving at 4-velocities
uµp , u
µ
+, u
µ
−, u
µ
r , with the notation u
µ = (γ, γβ) henceforth
adopted. The energy-momentum tensor of each charged
species can be expressed as
Tµνa = mac
2nahau
µ
au
ν
a + g
µνpa, (3)
with the index a running over (p,+,−). Here ma is
the particle mass, pa is the pressure of species a and
ha the corresponding dimensionless enthalpy per parti-
cle. A similar expression can be derived for the energy-
momentum tensor of the radiation, Tµνr , with mαc
2hα =
4kTr, here Tr being the radiation temperature. Quite
generally, the shock temperature is well below the pro-
ton mass, so that to a good approximation hp = 1 can
be adopted. For the leptons a relativistic equation of
state, h± = 4p±/mec2n± = 4Tˆ±, is a good description in
the relativistic regime, whereas in subrelativistic shocks,
where only electrons are present, h = 1 + 5Tˆ /2. Here
Tˆ = kT/mec
2 denotes the temperature in units of the
electron mass.
Conservation of baryons and quanta number read:
∂µ(npu
µ
p ) = 0, (4)
∂µ(n±u
µ
±) = q± = q/2, (5)
∂µ(nru
µ
r ) = −q, (6)
where the source terms q+ = q− = q/2 account for pair
production. The dynamics of the system is governed by
the equations
∂µT
µν
p = f
ν
p + g
ν
p , (7)
∂µT
µν
± = S
ν
± + f
ν
± + g
ν
±, (8)
∂µT
µν
r = −(Sν+ + Sν−), (9)
where Sµ± accounts for energy and momentum exchange
between pairs and photons,
gνp = −mecχpe[npn+(uνp − uν+) + npn−(uνp − uν−)],(10)
and
gν± =±mecχeen+n−(uν− − uν+)
+mec
2χpenpn±(uνp − uν±),
(11)
represent internal friction between protons and pairs, and
between electrons and positrons, respectively, with χpe
and χee being the corresponding dynamical coefficients
1
(for simplicity we assume the same coefficient for the in-
teraction of protons with electrons and positrons), and fµa
1 The units of the dynamical coefficients adopted here are different
than the standard choice, e.g., Ref. [27]. The two are related
through τfrα = meχα
3the electromagnetic force density acting on the charged
fluids, given explicitly by
fµa = qαnαF
µνuαν = qαnαγα(βα ·E,E+βα×B) (12)
for α = (p,+,−), where Fµν is the electromagnetic ten-
sor, E,B denote the electric and magnetic fields mea-
sured in some global inertial frame to be specified later
on, and qp = q+ = e, q− = −e are the electric charges of
the designated species. The electromagnetic field satisfies
Maxwell’s equations:
∂µF
µν =
4pi
c
jµ, (13)
∂µ
(
1
2
µναβFαβ
)
= 0, (14)
with the electric 4-current given explicitly by
jµ = ec(npu
µ
p + n+u
µ
+ − n−uµ−). (15)
Equations (4) and (5) combined yield the charge conser-
vation condition, ∂µj
µ = 0, as required.
III. A PLANAR SHOCK MODEL
Consider a steady planar shock propagating in the x
direction into a cold, unmagntized medium. In the static
shock frame far upstream is located at x = −∞, and all
fluid quantities depend on the coordinate x only.
The boundary conditions far upstream (formally at
x = −∞) are:
np = n− = nu, n+ = 0, (16)
uµp = u
µ
− = γu(1, βu, 0, 0), (17)
B = E = 0. (18)
The fields E and B and the 4-velocities are henceforth
measured in the rest frame of the shock.
Equation (4) implies that the baryon flux through the
shock, Jp = npu
x
p , is constant. Likewise, charge conserva-
tion, ∂µj
µ = 0, yields ∂xj
x = 0. Applying the boundary
conditions (16) and (17) we then find that the x compo-
nent of the electric current density vanishes:
jx = ec(Jp + n+u
x
+ − n−ux−) = 0. (19)
From ∇ · B = 0 and the boundary condition (18) we
obtain Bx = 0. Choosing the coordinate system such
that B = Byˆ and using Amper’s law, ∇ × B = 4pij/c,
yields,
∂xB =
4pi
c
jz = 4pie(npu
z
p + n+u
z
+ − n−uz−). (20)
Faraday’s law, ∇×E = 0, reduces to ∂xEz = ∂xEy = 0,
and applying the far upstream conditions we have Ez =
Ey = 0, whereby E = Exˆ. Gauss’ law then reduces to
∂xE = 4pie(npγp + n+γ+ − n−γ−). (21)
Note that j ·E = 0, so no Ohmic heating is expected in
this case. This will no longer be true if the shock develops
electrostatic oscillations, ∂tE = −4pij.
We now turn to consider the momentum equations.
In the transverse direction the system is supposed to be
uniform, hence Sy± = S
z
± = 0. The transverse momentum
equations then simplify to:
∂xu
z
p =
e
mpc2
B +
gzp
mpc2Jp
, (22)
∂x(mec
2n±h±ux±u
z
±) = en±u
x
±B + g
z
±. (23)
Clearly, the only solution to Eqs.(20), (22) and (23) that
satisfies the far upstream conditions (16)-(18) is B =
uzp = u
z
± = 0. It is now seen that a stationary, planar
RMS propagating in an unmagnetized medium can only
generate electrostatic field (B = 0).
In the longitudinal direction (along x) we have
∂x(mpc
2Jpu
x
p) + ∂xpp = enpγpE + g
x
p , (24)
∂x(mec
2n±h±ux±u
x
±) + ∂xp± = (25)
±en±γ±E + Sx± + gx±,
∂xT
xx
r = −(Sx+ + Sx−). (26)
Finally, the energy equations read:
∂xγp =
e
mpc2
E +
g0p
mpc2Jp
, (27)
∂x(mec
2n±h±γ±ux±) = ±en±ux±E (28)
+S0± + g
0
±,
∂xT
x0
r = −(S0+ + S0−). (29)
The above set of equations will be solved below in the
subrelativistic and highly relativistic limits under certain
approximations.
A. Subrelativistic shocks
At shock velocities βu < 0.3 pair creation becomes
extremely slow [10, 25], so that practically q = 0 and
n+ = 0 everywhere inside the shock. The electron
flux is then constant and equals the proton flux, viz.,
n−u− = npup = Jp. Moreover, the temperature inside
and downstream of the shock is well below the electron
mass and the pressure is dominated by the radiation.
Thus, we approximate pp = p− = 0 and h− = 1. Ig-
noring the friction term, which is justified by virtue of
the minuscule velocity difference found below, the shock
equations simplify to:
dγp
dx
=
e
mpc2
E, (30)
dγ−
dx
= − e
mec2
E − 1
Jpmec2
dT 0xr
dx
, (31)
βx−
dT xx
dx
=
dT x0
dx
, (32)
dE
dx
= 4pieJp(β
−1
p − β−1− ). (33)
4FIG. 1. Solutions of the shock equations for frictionless flu-
ids, χpe = χee = 0. The upper panel shows profiles of the
Lorentz factors of protons (p), electrons (e−) and positrons
(e+), plotted as functions of the pair-loaded optical depth τ∗,
and the lower panel displays the dimensionless electric field E˜
(black line) and positron density n˜′+ (red dashed line). The
inset shows a zoom of the electric field solution.
The above equations must be augmented by some ra-
diative transfer prescription. A common approach is to
employ the diffusion approximation (see, e.g., Ref. [28]).
As will be shown shortly, the velocity difference be-
tween protons and electrons is tiny, |βp − β−| << βp.
Thus, practically γp = γ− = γ. Subtracting Eq. (30)
from Eq. (31) yields: eE(1+me/mp) = −J−1p dT 0xr /dx ∼
−T 0xr /JpL, where L ∼ 1/βunuσT is the width of the
shock transition layer. Approximating dE/dx ∼ E/L =
βunuσTE we obtain
β−1− − β−1p '
T 0xr
4pie2L2J2p
<∼
σ2Tmpc
2β3unu
8pie2
' 10−19β3u
( nu
1015 cm−3
)
,
(34)
where the inequality is obtained upon assuming that
T 0xr is smaller than the total upstream energy, viz.,
T 0xr
<∼ Jpmpc2(γu − 1). Note that the last equation can
be cast in terms of the proton skin depth lp, given by Eq.
(1) with γu = 1, as:
β−1− − β−1p <∼
l2p
L2
βu. (35)
It is seen that the electrons move slightly slower than
the protons to allow generation of electrostatic field that
decelerates the protons. The same electric field exerts an
opposite force on the electrons to counteract the radiative
force acting on them. There is a slight offset, by roughly
a factor me/mp, that results in a net force that gives rise
to exactly the same deceleration of electrons and protons.
With γp = γ− = γ ≈ 1 + β2/2, the sum of Eqs. (30)
and (31) yields energy conservation equation for the sin-
gle fluid system,
d
dx
[(mp +me)Jpc
2β2/2 + T 0xr ] = 0, (36)
that together with Eq. (32) and an appropriate radiative
transfer prescription can be solved (see e.g., [10, 29, 30]).
The electric field is obtained from Eq.(30) once β(x)
is found and the velocity difference from Eq.(32) upon
substituting E(x). Numerical integration of Eqs. (30)-
(33) indicates that small amplitude oscillations are su-
perposed on this analytic solution (see next section).
B. Relativistic pair loaded shocks
At shock velocities βu
>∼ 0.5 rapid pair creation ensues
[1, 25] and the pair density inside the shock transition
layer and in the immediate downstream largely exceeds
the density of baryons. We shall consider sufficiently rel-
ativistic shocks (γu >> 1) for which the two stream ap-
proximation, that greatly simplifies the analysis, can be
applied to the radiation inside the shock transition layer
[1, 17]. In this approach one stream consists of back-
scattered photons with a net density n′γ→d, as measured
in the shock frame, that propagate towards the down-
stream, while the counterstream contains photons with
a density n′γ→u that were generated in the immediate
downstream and move towards the upstream. The pair
production term can be expressed now as
q
2
= 2σγγn
′
γ→un
′
γ→d, (37)
where σγγ is the pair production cross section computed
in the momentum frame of the photon beam that moves
towards the downstream, which in the single fluid ap-
proximation assumed to be the local fluid frame. In the
present case there is no single frame so further consid-
erations are needed (see below). Since the mean energy
of counterstreaming photons is roughly mec
2, all scatter-
ings are in the deep Klein-Nishina (KN) regime. Con-
sequently, the energy source term can be approximated
as
S0±
mec2
= −2σ±h±γ±n′±n′γ→u +
q
2
h±γ±, (38)
5where σ−(σ+) is the KN cross section computed in the
local momentum frame of the electrons (positron). The
second term on the R.H.S accounts for the net energy
added to the electron and positron fluids through pair
creation.
The equations are rendered dimensionless by using
the coordinate dτ = σTnuγudx, and the normalization
n˜′ = n′/γunu = n′/Jp for all densities, where βu = 1 is
adopted, σ˜ = σ/σT for all cross-sections, and E˜ = E/E0,
µ = me/mp. The fiducial electric field E0, measured in
Gaussian units, and a dimensionless parameter χE to be
used below are defined as:
E0 =
mec
2σTJp
e
= 1.2× 10−6nu15γ2u, (39)
χE =
4pie
σTE0
= 1022(nu15γu)
−1. (40)
Note that
√
χE/γu is the ratio of the Thomson length,
λ = (σTnuγu)
−1, and the electron skin depth, le =
c/ωe =
√
mec2γu/(4pie2nu). In terms of the dimension-
less coupling constants χ˜b = χb/σT c (b = pe, ee), the
normalized friction terms are given by
g˜0p = −χ˜pe[n˜′+(γ−1+ − γ−1p ) + n˜′−(γ−1− − γ−1p )], (41)
g˜0± = ±χ˜een˜′∓(γ−1+ − γ−1− ) + χ˜pe(γ−1± − γ−1p ). (42)
The dimensionless coefficients χ˜a can be interpreted as
the ratio of the Thomson length and the character-
istic length over which the momentum of an electron
(positron) changes considerably due to collective plasma
interactions (see Sec. IV for further discussion).
With the above definitions and notations the equations
are written in the form:
dγp
dτ
= µE˜ + µg˜0p, (43)
d(h±γ±)
dτ
= ± E˜ + g˜0± − 2σ˜±h±γ±n˜′γ→u, (44)
dn˜′−
dτ
= 2σ˜γγ n˜
′
γ→un˜
′
γ→d, (45)
dn˜′γ→u
dτ
= 2(σ˜+n˜
′
+ + σ˜−n˜
′
− + σ˜γγ n˜
′
γ→d)n˜
′
γ→u, (46)
dn˜′γ→d
dτ
= 2(σ˜+n˜
′
+ + σ˜−n˜
′
− − σ˜γγ n˜′γ→d)n˜′γ→u, (47)
dE˜
dτ
= χE
[
1
βp
− 1
β−
+ n˜′+β+
(
1
β+
− 1
β−
)]
, (48)
with n˜′+ = n˜
′
− − 1, subject to the boundary conditions
n˜′γ→u = n˜
′
γ→d = n˜
′
+ = E = 0 and n˜
′
− = 1, γp = γ− = γu
at τ = −∞. We also need to specify h± and approximate
the cross sections. One might assume for instance that
electrons and positrons have the same temperature, so
that h+ = h− = 4Tˆ , and, following Ref [17], approximate
Tˆ = η
n˜′l
n˜′l + 2
γ+ + γ−
2
, (49)
where n˜′l = n˜
′
++n˜
′
−+n˜
′
γ→d is the total density of quanta.
For the KN cross sections we adopt the approximation
derived in Ref [17].
σ˜± ≈ 3
8
· ln(2γ±(1 + aTˆ ))
γ±(1 + aTˆ )
σT . (50)
Here we use the fact that the energy of counterstream-
ing photons is ∼ mec2 with respect to the shock frame,
and that γ±(1 + aTˆ )  1; the factor a accounts for
the exact angular distributions of the colliding streams,
and is typically of order unity. The pair production
cross section has a similar expression with γ± replaced
by the Lorentz factor γr associated with the center of
momentum frame of the photon beam n′γ→d. The later
can be computed from the energy conservation equation:
γp+µh(n
′
+γ++n
′
−γ−+n
′
γ→dγr) = (1+huµ)γu. To avoid
unnecessary complications we approximate the pair pro-
duction cross section as σ˜γγ = (σ˜++ σ˜−)/2. This is accu-
rate enough for our purposes. Note that in the single fluid
approximation, wherein γ+ = γ−, Eqs. (49) and (50) and
the expression for σ˜γγ reduce to those employed in Ref.
[17]. Moreover, from Eqs. (43)-(48) it can be readily
shown that this automatically implies γr = γ+ = γ−,
so that our model is a direct generalization of the single
fluid model developed in Refs. [14, 17]. Comparison of
the single fluid model to numerical simulations [23, 25]
indicates an excellent agreement for η and a in the range
0.45 − 0.55 and 1.5 − 2.5, respectively [17]. For the cal-
culations presented below we adopted, for illustration,
η = 0.45, a = 1.5.
We solve Eqs. (41)-(48) for different values of the pa-
rameters χE , χ˜ee, χ˜pe. We do not use realistic values
of χE , as this would require extremely long integration
times; we verified though that all solutions converge for
a large enough value of χE (between 10
3 and 107, de-
pending on the specific case), with the exception of the
period of small amplitude oscillations of the electric field,
as discussed further below. To be on the safe side we
used χE = 10
8 in all runs, except for a series of runs
aimed at confirming the anticipated scaling
√
χE of the
oscillations period of E˜, in which we varied χE from 10
4
to 1012. The integration starts at τ = 0, at which we
set γp = γ± = γu, n˜′+ = n˜γ→d = 0 and n˜γ→u = 10
−2.
Choosing a different value for n˜γ→u merely shifts the ori-
gin but does not affect the resultant profiles, provided it
is small enough.
We first examine solutions with a negligible friction
force, χee = χpe = 0. An example is shown in Fig. 1
for a shock with an upstream Lorentz factor γu = 10 and
χE = 10
7. The upper panel exhibits the Lorentz factor
profiles of the proton (p), electron (e−) and positron (e+)
fluids, as a function of the pair loaded optical depth,
defined in Ref [25]:
τ? =
∫
n˜′ldτ. (51)
The evolution of the electric field E˜ is shown in the lower
panel. Superposed on the gradual evolution of E˜ are
6FIG. 2. Solutions obtained for χ˜pe = χ˜ee = 10
3 (upper panels), and 105 (lower panels). The left panels display the Lorentz
factor profiles of the proton, electron and positron fluids, and the right panels the positron density and the density of total
quanta, n˜′l = 1 + n˜
′
+ + n˜
′
−. The insets in the left panels exhibit the electric field E˜.
FIG. 3. Lorentz factors profiles of the proton (black lines),
electron (blue lines) and positrons (red lines), obtained for
χ˜pe = 0 and two values of χ˜ee, 10
6 (dashed lines) and 108
(solid lines). The different curves in the latter case are indis-
tinguishable (all seen as the red solid line between the dashed
black and red/blue lines .
small amplitude oscillations (seen more clearly in the in-
set) with a period equals roughly to the electron skin
depth le (to be precise, the period, when plotted as a
function of τ , equals 2piγ
3/2
u /
√
χE). For realistic val-
ues of χE the oscillation period will be shorter by about
six orders of magnitude. However, we verified that the
Lorentz factor and density profiles are practically inde-
pendent of χE as long as it exceeds 10
3. As seen, initially
the positron abundance is minuet and the evolution of
the electric field follows roughly that expected in pure
electron-proton flow, as discussed in Sec. III A (albeit for
a relativistic shock). During that time the protons and
electrons are tightly coupled, as seen in the upper panel,
but the positrons experience strong deceleration since in
difference from the electrons the electric force acting on
them has the same direction as the radiation force. The
increase in positron density (see dashed red line in the
right panel) leads ultimately to a reversal of the charge
polarization and a consequent change in the sign of the
electric field. As a result, the electrons decouple from
the protons and decelerate fast (roughly over a Thomson
length). In reality, the large velocity difference (between
any two species) developed at the onset of the shock tran-
sition layer should lead to a rapid growth of plasma insta-
bilities, as observed in collisionless shocks, that may give
rise to coupling of the various species via anomalous scat-
tering on plasma turbulence. A self consistent treatment
of plasma kinetic effects requires particle-in-cell simula-
7tions of RMS, an extremely challenging problem given
the enormous range of scales involved in this problem, as
discussed in the introduction.
Here we investigate the effect of such couplings using
our phenomenological prescription of friction. We exam-
ine two cases; in the first one χpe = χee, and in second
one only the pairs are coupled, that is, χpe = 0, χee 6= 0.
Figure 2 shows solutions obtained for χpe = χee = 10
3
(upper panles) and 105 (lower panels). It is evident that
when the friction is strong enough the single fluid model
provides a good description of RMS. For χpe ≈ a few
times 105 the velocity difference between all species was
found to be smaller than the accuracy of our calculations.
We compared the Lorentz factor and density profiles ob-
tained for χpe > 10
5 and found a remarkable agreement
with the analytic [10, 17, 18] and numerical [23, 25] re-
sults obtained for the single fluid model.
Strong coupling of electrons and positrons alone is, in
principle, sufficient to maintain the shock structure close
to that of the single fluid model. In that case, the slight
excess of electrons (n˜′− − n˜′+ = 1) produces the required
charge separation in response to the radiation force, like
in a pure p− e− plasma. However, we find that a larger
value of the dynamical coefficient is needed to tightly
couple all species compared to the previous case. Fig. 3
shows the Lorentz factor profiles of p (black lines), e+
(red lines) and e− (blue lines) fluids for χpe = 0 and two
values of the pair coupling constant, χ˜ee = 10
6 (dashed
lines) and χ˜ee = 10
8 (solid lines). In the latter case
the curves that correspond to the different species are
indistinguishable. We find that the single fluid model is
recovered for χ˜ee
>∼ 5× 107.
IV. DISCUSSION
We have shown that tight coupling of the various
plasma constituents (specifically, the proton, electron
and positron fluids) in relativistic radiation mediated
shocks requires some form of collective plasma inter-
actions, unlike sub-relativistic shocks in which minuet
charge separation leads to generation of electrostatic field
that strongly couples the ions and electrons. The absence
of sufficient friction between the electron and positron
(or proton) fluids leads to a large velocity difference al-
ready at the onset of the shock transition layer which, as
shown by numerical simulations of collisionless shocks,
is prone to various plasma instabilities. In our analysis,
we modelled the collective interactions between the fluids
by internal friction forces, and quantified the strength of
these forces by the dynamical coefficients χpe and χee.
The characteristic length scale for momentum trans-
fer from electrons to positrons by the friction force, as
measured in the shock frame, is related to the dynam-
ical coefficient through: lee = c/χeen
′
−, and likewise
for momentum transfer between electrons and protons.
We can naively interpret this as the mean free path for
scattering on plasma waves. From this we deduce that
χ˜ee = χee/σT c = 1/(leeσTn
′
−) ≈ λ/lee, where λ is the
Thomson length, defined in Eq. (2) for n˜′− = 1. In units
of the skin depth we have lee/lp = (1/χ˜ee)(λ/lp). In the
preceding section we found that the values of χ˜ee needed
for tight coupling are in the range 105 − 108, depending
on details. By employing Eqs. (1) and (2), this can be
translated to lee/lp ∼ 101 − 104 for typical astrophysical
conditions.
It is unclear at present what is the level of turbu-
lence expected in relativistic RMS. This issue can only
be addressed by state-of-the-art particle-in-cell simula-
tions, provided a clever way will be found to rescale the
problem, as the huge dynamic range anticipated by Eqs.
(1) and (2) renders full scale simulations infeasible. It
has been argued (e.g., Refs. [1, 9]) that particle accel-
eration is not expected in unmagnetized RMS by virtue
of this vast separation of scales. This notion needs to
be reconsidered in view of the findings in this paper. If
second order Fermi acceleration of pairs by the plasma
turbulence generated inside the shock can be effective,
it might have important implications for detectability of
gamma-ray emission from relativistic shock breakouts.
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